peptide activates GTP hydrolysis via a conformational change of the ribosome. The stop codon was always UAA, the peptide was radiolabeled for detection purposes and the extent of GTP We also found that removal of the tetrapeptide from the P-site tRNA strongly stimulated the GTPase activity hydrolysis was monitored by OD after separation of GTP from GDP with anion exchange chromatography (Experof IF2, but no such stimulation was found by removal of fMet from the IC complex. These data suggest the imental Procedures). When required, the peptide on the P-site tRNA was removed by addition of the aminoacylsame control system for the GTPase activities of RF3 and EF-G, but a different control mechanism for IF2. tRNA analog antibiotic puromycin (pur). This treatment resulted in "ribosomal-recycling complexes" (RRC) that To further clarify these issues, we went on to study how the binding of IF2, EF-G, and RF3 in their GTP forms can be recycled by RRF and EF-G in the presence of GTP (Karimi et al., 1999) .
was affected by removal of the tetrapeptide or fMet from P-site bound tRNAs. We first studied stimulation of the ribosome dependent GTPase activity of RF3 by the mutant class 1 release factor RF1 (GAQ). This mutant has a strong affinity Binding of IF2, EF-G, and RF3 in the GTP Form to the Ribosome Is Prohibited by a Peptidyl-tRNA to ribosomes with a peptidyl-tRNA in P site and the stop codon UAA or UAG in A site, but promotes peptide in the P Site RF3, EF-G, or IF2 was incubated with an IC or RC comrelease very poorly. Therefore, its stimulatory effects can be studied both in the absence and presence of plex or with an RRC complex, formed by removal with pur of the fMet from the IC or the tetrapeptide from the peptide (Zavialov et al., 2002). Little stimulation by RF1 (GAQ) was obtained for RC with intact peptide, as pre-RC, in the presence of varying concentrations of the nonhydrolyzable GTP analog GDPNP. The amount of viously observed (Zavialov et al., 2002), and a similar result was now obtained with the ribosomal complex ribosome bound factor was in each case quantified by the extent of radiolabeled GDPNP retained on nitrocellu-IC2 with fMet-tRNA fMet in the P site. Removal of the tetrapeptide or fMet by pur from RC or IC2, respectively, lose after filtering (Figure 2 ; Experimental Procedures). Neither RF3 (Figure 2A ) nor EF-G ( Figure 2B ) in the significantly enhanced the RF1(GAQ)-dependent GTPase activity of RF3 ( Figure 1A) .
GTP form bound to ribosomes with tetrapeptidyl-tRNA or fMet-tRNA in the P site. However, removal of fMet Then, the ribosome dependent GTPase activity of EF-G was studied with IC1 and RC complexes. The rate or tetrapeptide led to high affinity complexes for EF-G·GDPNP ( Figure 2B ) and RF3·GDPNP ( Figure 2A ). of GTP hydrolysis on EF-G was strongly stimulated by removal of the tetrapeptide from RC, and similarly by The present data show that the binding of EF-G in its GTP form to the ribosome depends on removal of the peptide removal of fMet from IC1 ( Figure 1B) . The fact that removal of the peptide from the tRNA in the ribosomal P from the P-site tRNA, similar to the binding of RF3, and that also fMet-tRNA in the ribosomal P site prevents site affected the RF1 dependent GTP hydrolysis on RF3 and the GTP hydrolysis on EF-G in a similar fashion, the binding of both factors in the GTP conformation to the ribosome. These results support the inference in the must have a different structure on the ribosome than previous section, that the peptide on the P-site tRNA EF-G·GDPNP, since the former could bind to the RC but does not affect the actions of RF3 and EF-G directly, not the latter ( Figure 2B ). EF-G·GDP could also bind to but by a conformational change of the ribosome. Conthe RC and the RRC without fus, but with much lower cerning IF2, our experiments show that the GTP form affinity than in the presence of fus ( Figure 3A ). of this factor can bind to ribosomes neither with a tetraThe binding of EF-G to ribosomal complexes was also peptidyl-tRNA nor a deacylated tRNA in the P site ( , and it has been proposed that fus factor binding considerably, albeit to a lower saturation freezes EF-G in its GTP form even after hydrolysis of level than observed by removal of the tetrapeptide in GTP, thereby preventing the factor from leaving the ribothe RC ( Figure 3B) . The difference between the results some after translocation (Burns et al., 1974) . Here, we obtained in the GTP ( Figure 3B ) and GDP ( Figure 3A ) studied the effects of the drug on the binding of titrations can be explained by postulating that the kinetic EF-G·GDP to functional ribosomal complexes conpath to a stable EF-G·GDP·fus·ribosome complex is via taining tetrapeptidyl-tRNA (RC), fMet-tRNA (IC), or deacan EF-G·GTP·ribosome complex in the former, but not ylated tRNA (RRC) in the P site.
in the latter case. Since EF-G·GTP cannot interact with In the presence of GDP and fus, EF-G formed a highribosomes carrying fMet-tRNA or peptidyl-tRNA in the affinity complex both with the RC (peptidyl-tRNA in the P site ( Figures 1B and 2B) , the formation of a stable P site) and its corresponding RRC (deacylated tRNA in the P site) complex ( Figure 3A) . Therefore, EF-G·GDP·fus EF-G·GDP·fus·ribosome complex was blocked in the Ile in the A site and tRNA fMet in the was rapid release with both pur and RF2 (as with GTP P site were assembled and purified from other compoin Figure 5A ) and then slow release (as with GDPNP) as nents by gel filtration (Experimental Procedures). Using in Figure 5A . The amplitude of the fast peptide release reaction increased with the time during which the ECs Ile-tRNA Ile rather than Phe-tRNA Phe as a receptor in the The present work describes how the presence or absence of a peptide on the P-site bound tRNA regulates the action of three out of four translation factors: EF-G, RF3, and IF2, while the action of the fourth factor, EFTu, was insensitive to the peptide. Binding of tRNAs to the partial E site in the 50S subunit requires a free CCA end (Lill et al., 1986) . Peptide control of the GTPase activities of translation factors could therefore be associated with a structural rearrangement of the ribosome that is allowed if a P/P-site bound tRNA can be moved bacterial ribosome has evolved to avoid crosstalk between RF3 and EF-G on one hand and IF2 on the other. We observed how ribosomes with an empty A site and a tetrapeptidyl-tRNA or an fMet-tRNA fMet in the P The former two are inactive on initiation complexes and the latter is inactive on ribosome complexes with peptisite promoted GTP hydrolysis on both RF3 and EF-G very poorly, while GTP hydrolysis on IF2 was slow in dyl-tRNA in the P site. Since IF2 forms a stable complex with GDPNP on initiation complexes ( Figure 2C ), GTP the former but not in the latter case (Figure 1 Figures 5A and 5B ). In the presence of GDPNP, the puromycin reaction was slower than in the GTP case, dyl-tRNA from the A site to the P site and concomitantly releases the deacylated tRNA originally bound in the P but much faster than the termination reaction with RF2. This result suggests that EF-G in the presence of GDPNP site from the ribosome. Following GTP hydrolysis, EF-G rapidly dissociates from the ribosome. If this were true, drives the ribosome into an intermediate state, which is puromycin but not RF2 reactive. The intermediate rate ribosomes in the posttranslocation state would be expected to stimulate rapid binding of EF-G·GTP and reof peptidyl transfer to puromycin could correspond to a peptidyl-tRNA in the A/P site, and the much slower lease of EF-G·GDP in an idling GTPase activity. Since the classical model was formulated, the view of translotermination reaction could correspond to subsequent movement of the ribosome into its posttranslocation cation has been revised in two important ways.
Firstly, Moazed and Noller (1989) suggested from footstate. This idea was tested in experiments where translocation was first performed with EF-G and GDPNP and printing experiments that transfer of a nascent peptide chain from peptidyl-tRNA in the P site to aminoacylthen puromycin or RF2 was added. In this case, both peptidyl transfer to puromycin and termination by RF2 tRNA in the A site immediately brings the ribosome into a ribosomal state with the peptidyl-tRNA in a hybrid A/P displayed biphasic kinetics ( Figures 5C and 5D) ; there was a rapid phase, similar to the one obtained with GTP site and with the deacylated tRNA in a hybrid P/E site (reviewed in Noller et al., 2002) . This would mean that ( Figure 5A) , and a slow phase, as when puromycin or RF2 was present from the beginning of the translocation the first half of the translocation cycle is completed already by peptidyl transfer and that the role of EF-G is reaction ( Figure 5A ). This experiment suggests, firstly, that translocation can go to completion also in the presmerely to bring tRNAs in hybrid sites to the posttranslocation state with peptidyl-tRNA in P site and deacylated ence of a noncleavable analog of GTP, albeit much more slowly than in the presence of GTP. Secondly, the fact tRNA in E site. Secondly, Rodnina et al. (1997) discovered that GTP hydrolysis on EF-G after binding of the that the amplitude for rapid termination with RF2 increased with translocation time ( Figure 5D ) suggests factor to a pretranslocation ribosome is much faster than translocation, as monitored by the change in fluothat EF-G·GDPNP slowly dissociated from the ribosome, thereby allowing for docking of RF2 and subsequent rescence from a label in the peptidyl-tRNA. This would mean that EF-G promotes translocation after GTP hycleavage of the ester bond in peptidyl-tRNA. Figures 7D-7F ). from A/P to P/P state. This proposition is in line with data from Borowski et al. (1996) , showing that the ribosome In the first step, EF-G in the GTP form brings the peptidyl-tRNA in the A/A site and the deacylated tRNA requires EF-G to become puromycin reactive after peptidyl-transfer but before mRNA translocation, and gets in the P/P site (pretranslocation state) to their hybrid A/P and P/E sites, respectively (translocation-intermediate) further support from observations by Wower et al. (2000), demonstrating that the CCA end of the P-site ( Figure 7D ). This movement is strongly favored by the high affinity of EF-G in the GTP form to the intermediate tRNA does not move spontaneously into the E site after peptidyl-transfer. translocation state ( Figure 5C and 5D) . Since EF-G in the GTP form has low affinity to the posttranslocation In our study of EF-G dependent translocation in the presence of GTP, GDPNP, or GDP (Figures 5A-5D ), we ribosome ( Figures 2B, 5C , and 5D), the last translocation step requires GTP hydrolysis. It is likely that EF-G in the started from well-defined pretranslocation complexes (Experimental Procedures) with peptidyl-tRNA in A/A GDP form stabilizes the transition state for the second translocation step, since EF-G·GDP and fusidic acid, site and deacylated tRNA in P/P site, prepared exactly 
From this, we suggest that EF-G·GDPNP has high drolysis and thereby acts like a motor protein (Rodnina et al., 1997) rather than a small G protein (Bourne et al., affinity to a translocation intermediate, with hybrid sites for the ribosome bound tRNAs. As long as EF-G·GDPNP 1991). Assuming that the EF-G dependent

